Introduction
Thermoreception and thermoregulation are essential evolutionary endowments for mammals, particularly those with homeothermic requirements (Craig 2002) . In general, interoceptive systems in the brain are thought to involve the hierarchically organized spinocortical and thalamic tracts. Ascending projections from laminar neurons are the bases for somatosensory reflex arcs in the spinal, medullary, and mesencephalic regions of the nervous system with projections ascending through the layers of this pathway. Ascending activity in this pathway may form the physiological bases for the interoception of pain (Craig 2003; Leone et al. 2006 ) and in the case of interest in this investigation, the regulation of body temperature (Nakamura and Morrison 2008) . In the brain, brainstem and mesencephalic regions are the earliest constituents of this pathway and are considered critical for maintaining homeostasis (Satinoff 1978; Mason 2001) . Internally generated thermal events, of which menopausal hot flashes (HFs) are an important instance (Freedman 2005) , may result from a pattern of ordered activity in the constituents of the spinothalamic tract; activity in the brainstem may be associated with the origins of the HF, whereas activity in structures such as the insula and the dorsal prefrontal cortex may be associated with the experience of the HF. In a group of symptomatic menopausal women, we used blood oxygen level-dependent (BOLD) functional magnetic resonance imaging (fMRI) to study the time courses of the response of these regions before and after the onset of spontaneous HFs.
Activity in the Spinothalamic Tract: Extant Studies
Recent evidence indicates that activity in brainstem structures such as the dorsal raphe could be driven by nonnoxious cooling of the skin surface, suggesting critical sensitization of the medulla to externally applied thermal stimulation (McAllen et al. 2006) . These results are consistent with increased activity in brainstem structures that have been observed in exaggerated responses to pain (hyperalgesia). Punctate stimulation of the leg in healthy controls (to induce secondary hyperalgesia) results in subsequent hyperactivation of midbrain structures like the reticular formation during mechanical stimulation, indicating responsivity to thermal sensitization and neuropathic pain (Zambreanu et al. 2005) .
In vivo studies of brain activity in response to thermal stimulation have primarily used exogenous thermal events (nociceptive processing), and studies of endogenous thermal events such as HFs are scarce. However, several studies have assessed the response of subcortical and cortical structures to exogenously applied thermal stimulation. fMRI and positron emission tomography activity associated with exogenous thermal stimulation has been documented in constituents of the interoceptive pathway including brain stem structures such as the dorsal raphe (McAllen et al. 2006) , the insula (Craig et al. 2000; Peltz et al. 2011) , and dorso-lateral prefrontal cortex (Kong et al. 2006) . Graded cooling or heating of the external skin surface results in graded changes in insular regional cerebral blood flow (rCBF) activity indicating responsivity of the insular cortex to exogenous thermal events (Derbyshire et al. 1997; Craig et al. 2000) . It has been implied that this activity reflects the integration of afferent signals from the skin surface with internal thermal sensors (Egan et al. 2005) . These data are consistent with the idea of the insula as being a central region for modality-independent interoception (Craig 2003; Wiens 2005; Pollatos et al. 2007 ). Further, delivery of thermal pain to the forearm results in sharply increased fMRI estimated neuronal activity in the dorso-lateral prefrontal cortex and other forebrain structures (Kong et al. 2006 ). Frontal activity is also modulated by the intensity of thermal pain (Derbyshire et al. 1997; Wiech et al. 2005) , indicating that, in addition to the insula, the frontal cortex may be central to the interoceptive experience.
Menopausal Hot Flashes: Unique Endogenous Thermal Events
These imaging studies provide evidence of detectable neural activity in the spinothalamic tract in response to experimentally applied exogenous galvanic stimulation. However, endogenous thermal events, such as menopausal HFs, have physiological origins that are distinct from exogenously delivered heat stimulation (Freedman et al. 2006) . HFs involve feelings of intense heat surges, accompanied by sweating and cutaneous vasodilation (Freedman 2005) . Whereas the specific neurophysiology of the phenomena are not clearly understood, HF's appear to result from fluctuations in core body temperature within a reduced thermoneutral zone (i.e., the core body temperatures range between the shivering and sweating thresholds), possibly resulting from endocrine changes such as elevated central noradrenergic (NE) activation (Freedman and Krell 1999) and estrogen depletion.
Thus, at least 2 important questions of significant ecological relevance are unanswered from work on exogenous thermal events: (1) Are regions in spinothalamic tracts responsive to endogenous thermal events and (2) Is there a detectable ordered temporal sequence of measurable responses in the thermoreceptive pathway to endogenous thermal events? Recent fMRI work has provided evidence of the responsivity of the insula, cingulate, and frontal cortices to the experience of HFs (Freedman et al. 2006) , although the antecedents of this activity within the spinothalamic tract were not studied. In the present study, gradient-echo, echo-planar images (EPIs) were collected while spontaneous flash onset was monitored based on a criterion increase in skin conductance level (SCL). Analyses of fMRI data were gated to the onset of the HF. The fMRI response was assessed in 3 equi-temporal windows (Baseline, Pre-Flash, and Flash; 20 s each) across principal regions of interest (the brainstem, insula, dorso-lateral prefrontal cortex, hypothalamus, anterior cingulate, and basal ganglia) to assess potential antecedents and consequents of HFs.
Materials and Methods

Subjects
Twenty healthy symptomatic postmenopausal women (ages 47-58, mean age 51.9 ± 3.06 years) participated in the study. All subjects were free of medication at the time of fMRI assessments and reported frequent HFs (6/day or more). This is at the upper range of HF frequencies, which maximized the probabilities of HFs occurring during fMRI acquisition. The Human Investigation Committee of Wayne State University authorized the study, and informed written consent was obtained from all participants. Participants received monetary compensation for their participation.
Thermal Regulation and Skin Conductance Level
Before being placed into the bore of the magnet, all subjects were covered ventrally and dorsally with two 61 × 152 cm (Cincinnati Sub-Zero Norm-O-Temp, Cincinnati, OH, USA) circulating water pads. Once positioned inside the bore, and prior to the beginning of the first scan, the temperature of the circulating water was raised to 42°C and maintained throughout, producing a gradual heating stimulus, which we have shown to reliably induce HFs . The gradual heating stimulus refers to the maintenance of heat by use of heating pads; the temperature of the pads did not change because it is electronically regulated to remain constant. SCL, an electrical measure of sweating, was recorded from the sternum using 2 Ag/AgCl electrodes, a 0.5-V constant-voltage circuit, and an analog-to-digital converter (Data Translation 9802, Marlborough, MA, USA). This criterion was validated against subject self-reports, both inside and outside the laboratory de Bakker and Everaerd 1996) . The SCL readout was closely monitored in the control room throughout the scanning session. Using previously established criteria (Freedman et al. 2006) , flash onset was determined by a 2-μmho/30 s increase in the SCL response (Fig. 1) , which corresponds to >90% of HFs that occur.
Functional MRI
All fMRI was conducted on a Bruker MedSpec 4.0-T system at the Vaitkevicius Imaging Center in the Wayne State University School of Medicine. Gradient-echo EPIs were acquired over multiple scans (5-15 min/ scan) for a period of 120 min. EPI parameters were: echo time: 30 ms, repetition time (TR): 2 s, matrix: 64 × 64, 33 slices, field of view: 224 mm, voxel size 3.5 × 3.5 × 4 mm.
fMRI and Statistical Analyses
Functional images were preprocessed using a standard protocol (Friston et al. 1995) , including realignment to the first image in the series, correction for susceptibility-by-movement interactions, normalization to a standard EPI template (Montreal Neurological Institute, MNI), and smoothing with an 8-mm full-width at half-maximum isotropic Gaussian kernel. Data were analyzed for a 30-image (60 s) period around flash onset (time = 0 s in Figs 1-4) in 3 equi-temporal windows (Baseline, Pre-Flash, and Flash). In first-level analyses (individual subjects), windows of interest treated as boxcar wave forms were convolved with the canonical hemodynamic response function to produce reference wave forms for contrast assessment within the General Linear Model framework. Subsequent contrasts were used to identify activity associated with each window of interest (Flash or Pre-Flash) relative to the comparison window (Pre-Flash or Baseline). Individual contrast images were submitted to a second-level random-effects analysis (Turner et al. 1998) , with time window as repeated measure, to assess group-based activation during the temporal windows of interest.
Statistical analyses and fMRI time-series extraction were conducted in the a priori regions of interest using a combination of anatomical and functionally defined region of interest masks. Significant clusters were identified using minimum cluster-size thresholding (P < 0.05) to identify true positively activated cluster extents in the regions of interest (Ward 2000; Bennett et al. 2009 ). For reporting peaks, voxel coordinates in MNI space were transformed into Talairach space using a previously established algorithm (Lancaster et al. 2007) , and Brodmann areas reported where appropriate (Lancaster et al. 2000) . Bilateral anatomical masks in stereotactic space (Tzourio-Mazoyer et al. 2002) were used for both the insula and the dorsal prefrontal cortex (and additional anatomical regions assessed: hypothalamus, anterior cingulate, and basal ganglia).
Several studies have used affine transformation-based stereotactic images to subsequently infer intrabrainstem activation loci based on anatomical landmarks in stereotactic space (Dunckley et al. 2005; Zambreanu et al. 2005) , but localization to specific brainstem nuclei is challenging. Therefore, we used a functionally achieved cluster of interest in the brainstem based on activity identified in the Pre-Flash > Baseline contrast (P < 0.05, cluster level) overlaid on a mask of the region (Maldjian et al. 2003) .
fMRI signal was extracted from unsmoothed BOLD images to minimize the compromise of spatial resolution (Scouten et al. 2006) . For each image, data across voxels within the region of interest were averaged to create a single measure of regional activity at a given timepoint. Signal was normalized to the average signal within the baseline temporal window and expressed in typical units ( percent signal change).
Results
Activity and fMRI Signal in Brain Stem Structures
Random-effects analyses of fMRI data demonstrated significant clusters of activity in the brainstem during the Pre-Flash window relative to the Baseline. The bilateral activation peaks (reported in Talairach coordinates) were located in the substantia nigra (t (19) = 2.97, x = 10, y = −16, z = −9; t (19) = 2.76, x = −8, y = −18, z = −8). Additional peaks were also located in the red nucleus (t (19) = 2.03, x = 8, y = −18, z = −6; t (19) = 2.51, x = −8, y = −18, z = −10). Significant clusters are projected on a sagittal slice of the medial brain (Fig. 2a , All activation data and information on largest clusters in the regions of interest are provided in Table 1 ). These brain stem structures remained active during the subsequent onset of the HF (Flash > Baseline, P < 0.05), and no difference in activity was observed between the Flash and Pre-Flash windows (P > 0.2).
Bilaterally averaged fMRI time series (Fig. 2b) were extracted from bilateral regions from this cluster of interest. The bilaterally derived regions were symmetrical [volumes of 1044 and 936 mm 3 (see Table 1 ) for the left and right hemispheres, respectively]. As seen, a detectable upward shift in the fMRI response at t = −10 s was maintained throughout the temporal window and through the subsequent experience of the HF.
Activity and BOLD in the Insula
Increased activity was observed bilaterally in the insula during the Flash relative to the Pre-Flash window. Bilateral activation peaks were observed (t (19) = 4.38, x = 30, y = 16, z = −5; t (19) = 4.11, x = −38, y = −38, z = 20). Bilateral activity is visualized on 3 successive axial slices (Fig. 3a) . No significant activation was observed in the Pre-Flash period (Pre-Flash > Baseline, P > 0.1).
Bilaterally averaged fMRI time series across the entire insula (Fig. 3b) showed significant increases in neuronal activity at approximately t = +6 s, remaining tonic through the subsequent duration of the window.
Activity and BOLD in the Prefrontal Cortex
Significantly increased activity was observed bilaterally in the prefrontal cortex during the flash relative to the Pre-Flash window. Bilateral activation peaks were observed (t (19) = 4.24, x = 39, y = 33, z = 30; t (19) = 3.86, x = −44, y = 27, z = 30). Bilateral activity is visualized on successive axial slices (Fig. 4a) . As with the insula, no significant activation was observed in the Pre-Flash period (Pre-Flash > Baseline, P > 0.1).
Bilaterally averaged fMRI time series (Fig. 4b) across the entire prefrontal cortex show increases in neuronal activity at approximately t = −2 s sustained through the subsequent duration of the HF.
To directly compare activity in the Flash and Pre-Flash windows within the 3 regions of interest, as well as Pre-Flash activity across the 3 regions of interest, for each subject signal change was collapsed within each window and expressed as a single average. Average fMRI signal from the Pre-Flash and Flash windows are depicted in Figure 5 (with significantly activated clusters depicted for each of the regions of interest above corresponding bars). As seen, significantly greater activity in the Flash relative to the Pre-Flash window was observed in the insula and prefrontal cortex, but not the brainstem. Interwindow differences assessed using paired sample t-tests confirmed differences in this temporal sequencing across the regions. Specifically, mean activity in the brainstem during the Pre-Flash and the Flash windows was not significantly different (t (19) = 1.2, P > 0.2). By comparison, mean activity in the Flash window exceeded that in the Pre-Flash window in both the insula (t (19) = 2.47, P < 0.05) and the prefrontal cortex (t (19) = 3.48, P < 0.002). Moderate-to-large effect sizes (Cohen's d) were observed for both comparisons (0.44 and 0.72, respectively). These results are consistent with the activation maps (Figs 2-4) in suggesting a specific sequencing of events in spinothalamic regions.
We also directly compared interregional activity in the PreFlash window to assess whether mean brainstem activity was significantly greater than that observed in both the insula and prefrontal cortex. Both comparisons were significant, with brainstem activity in the Pre-Flash window exceeding both the insula (t (19) = 1.82, P < 0.05, Cohen's d = 0.43) and the prefrontal cortex (t (19) = 1.79, P < 0.05, Cohen's d = 0.37).
We also opened analyses to other critical regulatory and forebrain regions including (1) the hypothalamus implicated in thermal regulation of internal body temperature (Lee et al. 1985; Craig 2002; Clapham 2012) , 2) the basal ganglia, a key site for dopaminergic projections from the substantia nigra implicated in thermal homeostasis (Lee et al. 1985) , and 3) the anterior cingulate that has been implicated in the experience of noxious thermal stimulation to the hand (Davis et al. 1998a (Davis et al. , 1998b Kwan et al. 2000) . These results are depicted in Figure 6 . Figures 6a through c show 3 anterior views of the cortical surface with significant clusters projected. Dorsal prefrontal clusters are visible (Fig. 6a,c) , as are clusters in the dorsal anterior cingulate (Fig. 6b) . Figure 6d depicts a mosaic of axial views (z = −16 and superior), with significant clusters overlaid showing comprehensive activations during the flash interval that additionally included the dorsal anterior cingulate, the caudate nucleus, and the putamen. No significant clusters were observed in the hypothalamus. Table 1 shows activation cluster volumes with loci peaks for all analyses performed.
Discussion
The present study provides evidence of time-ordered activity within key constituents of the spinothalamic tract for endogenously generated thermal events. Rises in fMRI activity in the brainstem were observed before the onset of the HF (Fig. 2c) . Activity in the insula (Fig. 3c ) and prefrontal cortex (Fig. 4c ) significantly trailed that in the brain stem, appearing linked to the onset of the HF (insula) or marginally preceded the onset of HF ( prefrontal cortex). Other regions including the anterior cingulate and the basal ganglia were also active during the HF, suggesting a network of forebrain cortical and striatal regions activated in response to this event.
The differences in the average signal change in these temporal windows were significant in the insula and the dorsolateral prefrontal cortex, but not in the brain stem (Fig. 5) . These results suggest a differential temporal pattern of the fMRI response during the experience of menopausal HFs. Whereas the quantitative bases of these results appear similar to previous studies of nociceptive or exogenously generated thermal stimulation, the physiological origins of HFs are most likely distinct.
Recent evidence suggests that the application of thermal stimulation results in responses in several regions we assessed, including the brain stem ( particularly regions closer to the spinal cord (Kubina et al. 2010; Summers et al. 2010 ). Thus, application of noxious thermal stimulation (as opposed to innocuous stimulation) to the face or the hand generates a measurable difference in the fMRI response in regions of the brainstem and the spinal cord. These responses to cutaneous delivery of noxious heat pain have been explained as reflecting the ascending architecture of somatosensory fibers carrying afferent signals from the extremities of the body through the spinal tract and into forward mid-and forebrain regions (Willis and Coggeshall 2005) . However, endogenous thermal events such as HFs have distinct components and neurophysiological and neurochemical antecedents that are absent in exogenous events such as galvanic skin stimulation. Specifically, activity in medullary and mesencephalic regions may signal the onset of the HF, whereas cortical regions such as the insula and the prefrontal cortex may be responsive to the experience of the HF. By their nature, exogenous thermal events are more closely related to the interoceptive bases of thermal experiences, whereas HFs may have distinct neurochemical bases. These bases, however, have proven challenging to identify. Furthermore, their putative relationship to the fMRI response remains a matter of speculation. Significant clusters overlaid showing comprehensive activations during the Flash interval. Depicted clusters are (1) the bilateral insula, (2) the brain stem, (3) the basal ganglia, (4) the anterior cingulate cortex, and (5) the dorsal prefrontal cortex. These results in the Flash window depict a network of forebrain regions joining the brainstem (that remains active) during the experience of the HF. These regions have previously been shown to be active in empirical fMRI investigations of noxious heat stimulation and/or are thought to be associated with neurochemical correlates (e.g. dopaminergic) of thermal regulation. This overlap in previous studies of heat pain present an interesting extension of fMRI studies that has been previously undocumented.
HFs: Neurochemical Correlates
The neurochemical mechanisms underlying HFs are not completely understood. Our studies suggest plasma 3-methoxy-4-hydroxyphenylglycol (MHPG), the main metabolite of the NE pathway was significantly higher in symptomatic versus asymptomatic postmenopausal women during resting conditions and increased significantly further during HFs (Freedman and Woodward 1991) . Clinical studies have shown that clonidine, an α 2 -adrenergic agonist that reduces brain NE, significantly reduces HF frequency (Clayden et al. 1974; Laufer et al. 1982) . The role of serotonin has also been considered in that HF's have been hypothesized to result from complex interactions between reduced estrogen and serotonin (Berendsen 2000) . Indeed, some studies have suggested that treatment with selective serotonin reuptake inhibitors (SSRIs) can ameliorate HF symptoms , although recent studies (including our own) looking at 5-hydroxytryptamine treatment of HF's have indicated that the outcomes of employing SSRIs and SNRIs are highly variable (Nelson 2004; Freedman 2010; Freedman et al. 2011) .
Finally, dopamine is a key neurotransmitter implicated in thermal regulation (Balthazar et al. 2010) , particularly through dopaminergic projections from brain stem structures such as the substantia nigra to other subcortical regions including the basal ganglia (Lee et al. 1985) . By way of convergence patients with Parkinson's disease, characterized by the substantia nigra related hypodopaminergia, are characterized by thermoregulatory anomalies including excessive sweating (Swinn et al. 2003; Hirayama 2006; Chaudhuri and Schapira 2009) and fall in nocturnal core body temperature (Pierangeli et al. 2001) . However, the contribution of dopaminergic mechanisms in HFs is unclear (Sturdee 2008) , and there is no evidence of a relationship between Parkinson's disease and HFs. Thus, the thermoregulatory mechanisms that are associated with sweating variations in Parkinson's may be fundamentally different from mechanisms associated with the experience of HFs (some common dopaminergic origins notwithstanding).
Whereas the neurochemical correlates of our results cannot be definitively identified, the functional relevance of our results is intriguing. Changes in brainstem areas may precede the measured onset of the HF and the response of interoceptive regions of the cortex, rendering plausible the idea that activity in deep brain stem nuclei is responsive to gradual increases in core body temperature. Whereas we have no independent (other than fMRI related) confirmation of these speculations, our previous studies are suggestive. Rises in core body temperature (measured using ingested radiotelemetry pills) are detected approximately 10-14 s before the rise in the externally measured SCL (Freedman et al. 1995) , suggesting that the onset of cascading thermal events occur and can be measured before expression of a full blown HF. We interpret our fMRI data to suggest that the response of brainstem structures is more proximate to the physiological origins of the HF, whereas the response of cortical structures may be more associated with the phenomenological experience of the HF. Thus, our data (distinct from exogenous thermal stimulation) provide evidence of the origins of, and interoceptive responses to, internal thermal events.
Limitations
Several limitations of our studies must be explicitly acknowledged. Precise localization of our activity within the brainstem is rendered difficult both by the detailed cellular organization of brainstem nuclei, as well as by limitations in fMRI imaging methodology. Even with improved methods of cytoarchitectonic mapping (Amunts and Zilles 2001) , voxel sizes in the acquired image exceed the dimensions of most brain stem nuclei rendering precise localization of activity exceedingly difficult. Differentiating fMRI-measured activity into separate nuclei is theoretically possible using stereotactic masks (Maldjian et al. 2003) , and these masks were used for statistical purposes (Fig. 2) . For instance, the dorsal raphe nuclei are central to thermal regulation (Morrison and Nakamura 2011) , and a priori evidence would suggest that this nucleus is the seat of early activity in response to rises in core body temperature. The medial aspects of our brainstem clusters can be mapped to coordinates that have been labeled as the dorsal raphe in other fMRI studies (Hui et al. 2005) . However, the absence of empirically viable anatomical masks limits the spatial conclusions that can be drawn. Moreover, our reliance on using statistical (as opposed to anatomical) criteria toward identifying brainstem activations may create a potential bias toward achieving significance in the Pre-Flash condition. We acknowledge this limitation and note that detailed parcellation of activity within brain stem nuclei must wait until more advanced in vivo imaging techniques are widely available (Harel et al. 2006) .
We also do not have a clear explanation for why we did not detect measurable fMRI responses in other important thermoreceptive regions such as the hypothalamus. The hypothalamus is heavily implicated in thermoregulation based both on its sensitivity to estrogen (Weiss et al. 2004) , and its hypothesized role in integrating thermal afferents. Imaging studies have detected measurable changes in rCBF in the hypothalamus in response to cutaneous heating or cooling (Egan et al. 2005 ), but studies have been mixed and the insula (and not the hypothalamus) appears to be more responsive to heat stimulation (Davis et al. 1998a (Davis et al. , 1998b . The hypothalamus is a relatively small structure and fMRI demonstrations of its sensitivity to thermal stimulation have been notably sparse in contrast to the abundance of physiological studies.
These methodological limitations notwithstanding the current results provide novel contributions to the understanding of thermal processes measured in vivo. They indicate that fMRI is sensitive not only to exogenous thermal stimulation as previously demonstrated, but also to the temporal sequencing of endogenous thermal events such as spontaneous HFs. Moreover, it appears that interoception of HFs activates several frontal-striatal regions, indicating the possibility of a frontal network that underlies the experience of internal thermal events. Studying precise network interactions underlying these regions may further illuminate our understanding of the experience of HFs. For example, both dynamic causal modeling (Stephan et al. 2010 ) and seed-based connectivity analyses, such as psycho-physiological interaction, (Friston et al. 1997 ) may expand on activation-based analyses and address issues of functional integration of signals between regions (Friston 2005 ). As we have recently shown, these methods provide significant new insights to the schizophrenia diatheses (Bakshi et al. 2011; Diwadkar 2012; Diwadkar et al. 2012) . In future iterations of our work, we aim to expand the aims of our current paper (limited to identifying activation-related markers of HFs), with network analyses, to investigate brainstem, striatal, and cortical interactions during the experience of HF.
We have also noted that the neurochemical interpretation of these fMRI results is difficult to arrive at. Nevertheless, fMRI studies of HFs may provide an objective in vivo neurobiological marker of these important thermoregulatory phenomena and may potentially be useful in identifying the neural response to disparate treatments that have been applied to HFs. More generally, we suggest that the conjoint measurement of peripheral physiological markers of internal interoceptive events in conjunction with in vivo fMRI may open new vistas in the methodological application of fMRI in understanding the neural correlates of internal physical states.
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